Abstract-It is known that the coupling of core modes to surface modes in air-core photonic-bandgap fiber (PBF) can give rise to large propagation losses. Using computer simulations, we analyze the relationship between the air-core geometry and the presence or absence of the surface modes in air-core PBFs with a triangular hole pattern. We identify ranges of core radii for which the fiber supports no surface modes over the entire wavelength range of the bandgap, i.e., only core modes are present. In particular, for a hole radius = 0 473,where 3 is the hole spacing, the core supports a single mode and no surface modes for core radii between 0 83 and 1 13. The absence of surface modes suggests that fibers within this range of configurations should exhibit a very low propagation loss. We also show that the existence of surface modes can be predicted quite simply from a study of the bulk modes alone, which is much simpler and faster than carrying out a full analysis of the defect modes.
I. INTRODUCTION
A IR-CORE photonic-bandgap fibers (PBFs) have attracted great interest in recent years due to their unique advantages over conventional fibers: propagation loss is not limited by the core material and holds the promise of being exceedingly low, nonlinear effects are very small, and the air core can be filled with liquids or gases to generate the desired light-matter interaction. Numerous new applications enabled by these advantages have been demonstrated recently [1] - [5] . Calculations of selected properties of the fundamental mode of the PBFs have also been reported [6] - [8] .
It has been recently demonstrated that surface modes play a particularly important role in air-core PBFs. A surface mode is a defect mode localized at the terminating edge of the photonic crystal [9] - [14] . In contrast, a core mode is one in which most of the energy is contained within the air core. There is strong experimental and analytical evidence that the fundamental core mode couples to one or more of these surface modes. Since the latter is lossy, this is a source of propagation loss. Furthermore, since surface modes occur across the entire bandgap, no portion of the available spectrum is immune to this loss mechanism. This effect is believed to be the source of the remaining loss ( 13 dB/km) in state-of-the-art air-core PBFs [9] . Understanding the physical origin of surface modes and identifying fiber configurations that are free of such modes across the entire bandgap is therefore of importance in the ongoing search for low-loss PBFs.
In this paper, we report the results of a parametric study that investigates in greater detail the properties of both the core modes and the surface modes of PBFs. We have focused our investigation on the most common PBF geometry, namely fibers with a triangular air-hole pattern in the cladding and a core obtained by introducing an air defect [6] - [8] . We propose new geometries with ranges of core diameters for which the fiber supports no surface modes over the entire wavelength range of the bandgap, and only core modes are present. In particular, for fiber radii between and , where is the hole-to-hole spacing of the triangular pattern, the core supports a single mode and no surface modes at all. The absence of surface modes suggests that fibers within this range of configuration should exhibit substantially lower losses than current fibers. We also show that the existence of surface modes in the defect structure can be predicted quite simply from a study of the bulk modes alone, which, because the structure is truly periodic, is a much simpler and faster task than carrying out a full analysis of the defect modes.
II. SIMULATIONS
We study a PBF with a cladding photonic crystal region consisting of a triangular lattice composed of circular air holes in silica [6] - [8] . The core region is created by introducing a larger air hole of radius at the center of the fiber. By varying the 0018-9197/04$20.00 © 2004 IEEE core radius, we can systematically study the effect of the core radius on the core modes and the effect of surface truncation on the surface mode behavior. Simulations were performed on the University of Michigan AMD Linux cluster of parallel Athlon 2000MP processors using a full-vectorial plane-wave expansion method [15] . We used a grid resolution of and a supercell size of 8 8. When running the simulations with 16 processors, complete modeling of the electric-field distribution and dispersion curves of all the core modes and surface modes of a given fiber typically took between 7 and 10 h.
For a triangular pattern, we find that a photonic bandgap exists only for air-hole radii larger than about . The largest circular air-hole radius that can be fabricated in practice is slightly higher than . We therefore chose to simulate a structure with an air-hole radius between these two extreme values, namely . Although all simulations reported in this paper were carried out for , similar results were obtained for , and the qualitative conclusions of this paper are valid for any air-hole size. Fig. 1 shows the theoretical -diagram of the fiber geometry under study generated for a core radius . This particular radius was selected because it corresponds closely to a core formed by removing seven cylinders from the center of the PBF, a configuration commonly used in practice (see the inset of Fig. 1 ) [16] . The vertical axis is optical angular frequency normalized to , i.e., , where is the free-space wavelength, is the velocity of light in vacuum, and is the photonic-crystal structure period. The horizontal axis is the propagation constant along the axis of the fiber ( direction) , normalized to , i.e., . The first photonic bandgap supported by this infinite structure is represented by the shaded region in Fig. 1 . This bandgap depends on the value of (equal to here), but it is independent of the core dimension. It shows that, in this fiber, the normalized frequencies for which light can be guided in air range from 1.53 to 1.9. The dashed line represents the light line, below which no core modes can exist, irrespective of the core size and shape.
III. PROPERTIES OF CORE MODES
The solid curves in Fig. 1 represent the dispersion relations of the core and surface modes. The related intensity profiles of selected modes at are plotted in Fig. 2 . These profiles indicate that the highest frequency mode inside the bandgap is the fundamental core mode (topmost curve in Fig. 1 ). All other modes in the bandgap are surface modes, which have intensity localized at the core-cladding boundary, as shown in Fig. 2 . The strength of the spatial overlap with the silica portions of the fiber is different for core and surface modes, which results in the core mode having a group velocity close to and the surface modes having a lower group velocity (see Fig. 1 ). Another important distinguishing feature is that the surface modes that fall within the bandgap always cross the light line within the bandgap, whereas core modes never cross the light line, as is well illustrated in Fig. 1 .
The behavior of core and surface modes has been investigated as a function of defect size by changing the core radius from to in steps. Fig. 3 is the -diagram of the same fiber geometry as Fig. 1 but plotted for a larger core radius . This core shape is illustrated in the inset of Fig. 3 . The number of core modes has increased, as expected, but also all the modes are now core modes. As the frequency is increased from the low-frequency cutoff of the bandgap, the highest order core modes appear first, in a group of four or more modes (here four), depending on the core size and mode degeneracy [7] . As the frequency is further increased, the number of modes reaches some maximum number (14 in the case of Fig. 3) , and then it gradually decreases to two (the two fundamental modes) at the high-frequency cutoff of the bandgap. The maximum number of core modes occurs at or in the vicinity of the frequency where the light line intersects the lower band edge. Fig. 4 shows the dependence on of this maximum number of core modes (i.e., the number of modes is plotted at ). The number of surface modes is also shown, as well the core shape for representative radii ( , and ). We find striking similarities between the behavior of the core modes in PBFs and in conventional fibers based on total internal reflection. The fundamental mode, like an LP mode, is doubly degenerate (see Figs. 1 and 3) , very nearly linearly polarized, and it exhibits a Gaussian-like intensity profile [7] . The next four modes are also degenerate, and their electric field distributions are very similar to those of the HE , HE , TE , and TM of conventional fibers. Many of the core modes, especially the low-order modes, exhibit a twofold degeneracy in polarization over much of the bandgap. As the core radius is increased, the number of core modes increases in discrete steps (see Fig. 4 ), from two (the two fundamental modes) to six (these two modes plus the four degenerate modes mentioned above), then 14 (because the next eight modes happen to reach cutoff at almost the same radius), and so on. An important aspect of Fig. 4 is that, when falls in certain bounded ranges, all modes are found to be core modes. The first three of these ranges are --, and -. The case illustrated in Fig. 3 is a particular example of a surface-mode-free PBF. These regions are illustrated schematically in Fig. 5 , where the background pattern of dotted circles represents the infinite photonic crystal structure, the shaded annular areas represent the ranges of core radii that support surface modes, and the unshaded areas represent the ranges of radii that are free of surface modes (only the first three surface-mode-free rings are shown). In the first of the unshaded ranges ( to ), the core supports a single core mode and no surface modes at all across the entire wavelength range of the bandgap, i.e., the PBF is truly single mode. To our knowledge, this is the first report of a single-mode all-silica PBF design. Examples of terminating surface shapes that fall in this single-mode range are shown in the inset of Fig. 4 . It might be possible to manufacture these particular configurations involving small tips of glass protruding into the core using an extrusion method. Most stack-and-draw fabrication techniques, on the other hand, result in a smooth dielectric boundary between the photonic crystal cladding and the air cores. 
IV. PROPERTIES OF SURFACE MODES
The number of surface modes is also strongly dependent on the core radius, albeit in a highly nonmonotonic fashion. For core radii in the vicinity of , and , many surface modes are introduced, resulting in the peaks in the number of surface modes apparent in Fig. 4 . Moreover, in these vicinities, the number of surface modes varies rapidly with . We note that typical experimental PBFs are fabricated by removing the central 7 cylinders or 19 cylinders to form the core. It is unfortunate that these particular values of , which happen to be more straightforward to manufacture, also happen to lead to geometries that support surface modes (see Fig. 4 ). When surface modes are present, it has been shown by Allan et al . that the loss is lowest in the frequency ranges where the dispersion curve of the fundamental core mode does not intersect the dispersion curve of any surface mode, and therefore coupling from the core mode to the surface modes is weak [9] . Nevertheless, there is also evidence that residual coupling to surface modes, presumably induced by index profile perturbations, still dominates the loss in state-of-the-art 13-dB/km-loss PBFs [9] . Thus, a first important conclusion of this analysis is that in fibers with cores obtained by removing 7 or 19 central cylinders, the propagation loss is expected to be sizable, as observed in practice. Another key conclusion is that PBFs with core radii in the truly single-mode range identified earlier ( from to for ) are expected to exhibit lower losses, and probably substantially lower, than PBFs reported to date, and eventually even lower losses than conventional silica fibers.
Based on the foregoing, it is of fundamental importance to investigate the basic conditions at which surface modes occur and to design new structures for which no surface modes are present. Careful inspection of the unshaded regions in Fig. 5 show that surface modes occur only when the radius intersects corners of the dielectric, i.e., the portions of the dielectric that are surrounded by three air holes. The existence of surface modes and their behavior in a photonic-crystal structure are known to depend strongly on the termination location of a photonic crystal [11] , [13] . Ramos-Mendieta et al. [12] reported that terminating an infinite photonic crystal results in the creation of a surface mode satisfying the new boundary condition, which is detached from the bulk mode and moves into the bandgap. We have found that, for the PBFs modeled here, the existence of surface modes is strongly correlated with the amount of perturbation introduced by the air core on the highest frequency bulk mode of the lower band at the point (i.e.,
). The magnitude of this perturbation scales like the intensity of this bulk mode in the portion of the dielectric intersected by air core. If the core radius is such that the core surface intersects dielectric material where this mode has a high intensity, then the core will support surface modes. To illustrate this point, we show in Fig. 6 an intensity contour map of the highest frequency bulk mode at the point, plotted for . Intensity maxima occur at the corners of the silica structure. If we choose the core radius to be (see Fig. 6 ), then the core surface cuts through several (six) of these intensity maxima and surface modes are expected to be present. On the other hand, if the core radius is chosen to be , then the core surface does not intersect any intensity maxima and the core should support no surface modes. To validate this argument, we plot in Fig. 7 the maximum intensity of the highest frequency bulk mode in the dielectric on a circle of radius as a function of . Also shown is the number of surface modes, reproduced from Fig. 4 . These two curves are clearly strongly correlated, which confirms that surface modes occur for radii such that the edge of the core cuts through the portion of the high-intensity lobes of the highest frequency bulk mode located in the dielectric. This analysis suggests a simple intuitive criterion to quickly predict whether a given fiber geometry supports surface modes, which is to compute the modes of the infinite photonic crystal and to evaluate the spatial overlap between the highest frequency bulk mode's intensity profile and the core surface in the dielectric. This intensity profile takes comparatively little time to be computed, and since it is independent of the core radius it only needs to be calculated once, so this method is considerably faster than simulating the actual surface modes for a range of core sizes. This design tool can be used conveniently to optimize a photonic-crystal structure and/or the air-core shape in order to avoid surface modes. For the PBF pattern investigated in this study, for example, it predicts that structures with core radii between and support only the fundamental core mode, as demonstrated by exact simulations.
V. CONCLUSION
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